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Preface 
 
This is a Ph.D. thesis in Physics entitled “STUDY OF ATMOSPHERIC 
AEROSOL AND MINOR CONSTITUENT AT LOW LATITUDE BY GROUND 
BASED TECHNIQUE” The atmosphere is well mixed below 100km. The 
major constituents of the Earth’s atmosphere below about 100km are N2 
(78%) and O2 (21%); the rest are minor constituents such as aerosol 
particles, CO2, CH4, N2O, H2O, O4, NO2, O3, NO3 etc. These minor 
constituents control the climate. In this work we have studied both 
experimentally and theoretically characteristics of aerosol particles and 
minor constituents of the Earth’s atmosphere viz. Oxygen dimer, Ozone 
and UV-B radiation. The experimental part of the study was conducted 
at Physical Research Laboratory, Ahmedabad, India. The theory work 
and data analysis word were done at Center for Environment Survey, 
Ahmedabad, St.Xavier’s College Ahmedabad and H. & H.B. Kotak 
Institute of Science, Rajkot. The entire study is divided into six chapters, 
the contents of which are mentioned below: 
 
Chapter 1 introduces the subject and describes the aim of the study. 
 
Chapter 2 gives the  description of the experimental setup and the 
working mode of the instruments used in this study. 
 
Chapter 3 deals with the measurements of aerosol. It describes how 
the observation was taken and the results obtained. It also surveys the 
earlier studies. Finally, an attempt is made to compare the results of the 
present work with the results of the earlier studies. 
 
Chapter 4 deals with the experimental study and results of Oxygen 
dimer measurements. It also surveys the earlier studies. Finally, an 
attempt is made to compare the results of present study with the results 
of the earlier studies. 
 
Chapter 5 deals with the experimental study and the results of 
simultaneous measurements of Ozone and UV-B flux on. Ground .It 
examines the relation between the Ozone and UV-B radiation. 
 
Chapter 6 summarizes the results obtained in this work. It also 
discusses the scope of further study. 
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Chapter – 1  
Introduction 
1.1 General introduction  
 The gaseous envelope that surrounds a celestial body 
is called its atmosphere. The earth has an atmosphere 
retained by gravitational attraction and that largely rotates 
with it. This atmosphere is very thin. Ninety-nine percent of 
the mass of the atmosphere lies below 30 km. The 
atmosphere is the medium for life on the surface of the 
planet, and the transition zone between earth and space. 
Man has always been interested in the characteristics, 
manifestations and perturbations of the atmosphere around 
him in its changing weather pattern, brilliant sunset, 
rainbow, aurora etc. 
  
 The earth’s atmosphere is commonly divided into four 
layers or spheres called troposphere, stratosphere, 
mesosphere, and thermosphere. Each layer is characterized 
by a uniform change in temperature with increasing 
altitude. In some layers, there is an increase in temperature 
with altitude, whilst in others it decreases with increasing 
altitude. The boundary of each layer is termed pause where 
the temperature profile abruptly changes. The region 
approximately below 15km is called troposphere, between 
15 and 50km is called stratosphere, between 50 and 95km 
is called mesosphere and above mesosphere is 
thermosphere. Fig.1.1 shows these regions along with their 
temperature nomenclature. The intermediate region, which 
extends from about 10 to 100 km is called the middle 
atmosphere. 
In Fig. 1.2 temperature distribution below 60km has been 
shown in a magnified way for tropical and polar regions. 
There is low tropopause temperature and high tropopause 
level in the equatorial region compared to mid and high 
latitude regions. Our study is limited to the region below 
50km in low latitude zone. 
          The  atmosphere  is  we l l  mixed be low 100km.  The 
major constituents of the earth’s atmosphere below about 
100km are  N 2  (78% )  and  O 2  (21% ) ;  the  re s t  a re  minor  
  
 
 
 
 
 
Figure 1.1 : Thermal structure of atmospheric layers 
(Brasseur and Solomon, 1986) 
  
 
 
 
 
Figure 1.2 : The temperature of the atmosphere below 60 km 
as a function of altitude. 
 
 
  
 
 
 
 
 
 
Figure 1.3 : Vertical profiles of number densities of the 
typical trace constituents in the middle atmosphere 
(Ackerman, 1979) 
  
constituents such as aerosol particles, CO2, CH4, N2O, H2O, 
O4, NO2, O3, NO3 etc. Some minor constituents are at ppmbv 
(parts per million by volume) and ppbbv (parts per billion by 
volume) levels. While oxygen is needed for sustaining life, 
some of these minor constituents also control the climate 
and the way of life on the earth’s surface. 
Fig. 1.3 illustrates the height variations in number 
density (ni) of various species observed in the middle 
atmosphere (Ackerman, 1979). Although these were 
compiled from observational data obtained at different times 
and places by different methods, they show the general 
trend in the height variation for each constituent. The 
curves 10-1, 10-2 etc. represent the variations in ni for the 
case of a constant mixing ratio; if the molecule is 
completely mixed, slope of the variation in ni should follow 
these curves.  
 Fig. 1.4 shows the variation in the penetration height 
of solar radiation with wavelength.  Penetration height is 
de f ined  as  the  he i gh t  where  the  in tens i ty  o f  rad ia t i on 
incident at the top of atmosphere decreases by 1/e. It can 
be seen from Fig. 1.4 that the radiation between ~200 and 
~310nm can penetrate up to the stratosphere, and most of 
the energy is absorbed here. The radiation between ~130 
and ~200nm is absorbed mainly in the mesosphere,  and 
be low ~100nm, the  radiat ion is  absorbed mainly  in  the  
  
 
 
 
 
 
Figure 1.4 : Penetration height for vertical incidence of solar 
radiation at various wavelengths (Shimazaki, 1985) 
 
  
thermosphere. Fig. 1.4 also shows the main absorbing 
molecules over various wavelength ranges. O3 is the main 
absorber between ~240 - ~320nm, O2 between ~100 - 
~200nm, and both O3 and O2 absorb radiation between ~200 
- ~240 nm. Absorption below ~100nm can occur by various 
molecules and atoms like N2, O2, N and O. 
 
1.2 Aim and scope of present study. 
1.2.1 Aerosols 
          A minor constituent, which plays an important role in 
meteorology and climatology of the earth, is aerosol. Aerosols are 
small liquid or solid particles suspended in the medium of 
air. They are in a variety of sizes and concentrations. They 
reflect a part of incoming solar radiation back into the space and 
thus control the solar heating of the earth. There are a number 
of properties of aerosols, which are important to their role 
in atmospheric processes. These include, in addition to 
their number concentration, their mass, size, chemical 
composition, and aerodynamic and optical properties. Many 
ground-based, balloon, rocket, and satellite-based 
measurements are available. Because the aerosol properties 
vary greatly with size and chemical nature of the particle, 
quantifying its effects on the radiation budget continues to be a 
challenging problem.  
 
  
 
1.2.2 UV Radiations and Ozone 
The ultra-violet rays coming from the Sun are 
absorbed by the atmosphere. This is harmful to animal and 
plant life. The main ultraviolet absorber is ozone. Although 
ozone is found throughout the atmosphere, about 90% 
resides in the lower part of the stratosphere, making a 
distinct layer of the atmosphere. A very small part of 
ultraviolet radiation does reach the earth, which is 
necessary for sustaining the life on earth. Any change in the 
amount of ozone will change the dose of UV radiation on 
surface of earth. Since ozone absorbs UV radiation, the UV 
flux reaching the earth’s surface should be inversely 
proportional to ozone change. Some studies have been made 
on the relation between ozone and UV flux on the ground. 
But this relationship has not always been found. It is 
therefore necessary to make further study on the 
relationship between ozone and UV flux reaching the earth’s 
surface.  
 
1.2.3 Oxygen Dimer 
Human activities are changing the concentration of 
ozone. The magnitude of this change is not completely 
reproducible by theory.  Nitrogen dioxide plays an important 
role in ozone destruction processes by the catalyst NO. In 
making measurement of this species radiations in 436 to 
  
448nm range have been used in many ground-based and 
satellite techniques. That is because there is highly 
structured absorption cross-section in this region and it is 
relatively easy to measure. This region also has absorption 
due to several other molecules for which correction must be 
applied in order to accurately determine the density of NO2. 
One among them is a weak absorption at 446.7nm due to 
oxygen dimer, O4. For accurate determination of NO2 
concentration by this method, accurate information about 
Oxygen dimer’s concentration is needed.  Information about 
this species is meager. 
In the present work, characteristics of aerosol, oxygen 
dimer and the relation between ozone and solar UV 
radiation have been studied at a low latitude station, 
Ahmedabad (230N, 720E), India. 
 
1.3 Description of Chapters 
The entire study is divided into six chapters, the outlines of 
which are given below: 
 
Chapter 1 gives the introduction of the subject and 
describes the aim of this study. 
 
Chapter 2 explains the experimental setup used in this 
study. We have used sun photometer, UV radiometer and 
Dobson spectrophotometer for measuring aerosol, 
  
ultraviolet (B) and ozone. We have used a McPherson      
UV-visible monochromator model-270 for study of      
oxygen dimer (O4). The latter method has also been used to 
study the aerosol characteristics.  
 
Chapter 3 describes the twilight scattered intensity 
measurements by a sun photometer at four wavelengths: 
675, 615, 585 and 568.5nm. Aerosol properties have been 
studied with these observations. Observations were taken 
during the period 1999–2000. Our results have also been 
compared with the results of other workers.  
 
 
Chapter 4 deals with the aerosols and O4 measurements 
during 1996–1999 by ground based visible absorption 
spectroscopy technique. It also surveys earlier study and 
their results. Observations have been taken during twilight 
period. Scattered light from the zenith sky has been 
measured in the wavelength range 436 to 448 nm. A 
spectrum has also been taken near the noontime. This 
spectrum has been used as the background spectrum. The 
path length covered by the solar radiation during twilight 
period is 20 to 30 times more than that during the 
noontime. The 436-448 nm wavelength range contains many 
Fraunhofer structures. By dividing the twilight spectrum by 
the background spectrum, Fraunhofer component has been 
removed. The ratio spectrum thus obtained contains the 
  
contribution due to O3, O4, NO2, H2O, Rayleigh and aerosol 
scatterings.  
 
Chapter 5 deals with UV-B flux and ozone measurements at 
ground. Ozone measurements were made by Dobson 
spectrophotometer and UV-B flux by a solar radiometer. 
These measurements were made simultaneously from  
March 2000 to December 2000. Using these measurements 
relationship between ozone and UV-B flux has been studied. 
Our results are also compared with the results of other 
workers. 
 
Chapter 6 summarizes the results obtained in the whole 
study. It also gives several ideas for carrying further 
research in future, which shall enhance the understanding 
of our atmospheric processes. 
  
 
 
 
 
 
Chapter – 2 
Experimental setup   
2.1 Introduction  
We have done four different experiments. All are 
ground-based. These experiments have been done using the 
following instruments: (1) A sun photometer to measure 
twilight intensity at four wavelengths: 675nm, 585nm, 
615nm and 568.5nm. From these measurements we have 
studied aerosol characteristics, (2) A scanning 
monochromator to measure twilight intensity in 436 to 
448nm range. From these measurements we have studied 
aerosol and oxygen dimer column density, (3) A narrow band 
radiometer to measure the UV-B radiation at 295.8nm, and 
(4) A Dobson instrument to measure total ozone. From the 
data of (3) and (4) we have studied the co-relation between 
  
total atmospheric ozone and UV-B flux reaching the surface 
of the earth. In this chapter we have described the setup of 
these experiments. Section 2.2 describes the sun 
photometer in detail. Section 2.3 describes the 
monochroamator technique. Section 2.4 describes the 
radiometer and section 2.5 describes the Dobson 
instrument. 
2.2 Sun Photometer Experiment 
The solar radiation that penetrates the atmosphere 
during twilight period serves as a source of illumination on 
the earth’s surface. As the sun moves below the horizon, the 
path length of atmosphere covered by the solar radiation 
increases. The earth’s shadow gradually rises upward and 
the atmospheric region coming in the earth’s shadow starts 
increasing. This leads to a monotonic decrease in twilight 
intensity due to the decrease in air density with altitude. 
However, the presence of an aerosol layer causes 
perturbation in the twilight brightness variation with 
increase in solar depression angle. The analysis of the 
variation of this brightness has given information about the 
characteristics of the aerosols present in the atmosphere. 
This anomalous variation of twilight brightness is very 
spectacular after a volcanic eruption. Studies have been 
reported for ElChichon and Pinatubo eruption [Rosen 1969; 
  
Volz 1969, 1974; Cadle and Grams1975; Ashok et al., 1982, 
1984]. In this experiment we have measured intensity of 
scattered twilight radiation at four wavelengths: 675 nm, 
585 nm, 615 nm, and 568.5 nm.  
2.2.1 Methodology  
A block diagram of the experimental set up is shown in 
Figure 2.1. The main components of this experiment are a 
photo-multiplier tube (PMT), four filters, a motor, and a 
chart recorder. Scattered light from zenith enters a 
cylindrical tube of diameter 3 cm and length 20 cm mounted 
vertically over a disk. This light is focused on the disk by a 
convex lens of focal length 20 cm. The disk is rotated in a 
horizontal plane by a motor. There are five circular holes in 
the disc at equal angular separation. We put four filters in 
four holes and keep one hole blank. The values of filters are 
675 nm, 585 nm, 615 nm, and 568.5 nm. The arrangement 
is such that light after coming out of the tube is focused on 
the filters. When the disc rotates, each filter comes under 
the tube and remains there for one minute. Four filters take 
four minutes and then the blank hole takes one minute. The 
whole operation of one set takes five minutes. After passing 
through the filter, light falls on the photomultiplier tube 
kept under the filter in a light-tight container. The output 
of the tube is recorded on a chart recorder. 
 
  
 
 
Filter used 
1.  675 nm 
2.  585 nm 
3.  615 nm 
4.  568.5 nm 
5.  Blank 
 
 
 Figure 2.1 : A block diagram of the sun photometer. 
  
2.2.2 Photomultiplier tube 
The photomultiplier tube (PMT) is a photosensitive 
device consisting of a photo-emissive cathode 
(photocathode) followed by a number of focusing electrodes, 
an electron multiplier and an electron collector (anode) in a 
vacuum tube. When light enters the photocathode, the 
photocathode emits photoelectrons. These photoelectrons 
are then directed by the focusing electrode voltages towards 
the electron multiplier where electrons are multiplied by the 
process of secondary emission. The multiplied electrons are 
collected by the anode as an output signal. In this 
experiment, we have used a photomultiplier tube 
Hammamatsu model R-955.   
2.2.3 Spectral response 
The photocathode of photomultiplier tube converts 
energy of incident light into electrons. The conversion 
efficiency (photocathode sensitivity) varies with the 
wavelength of incident light. This relationship between 
photocathode sensitivity and wavelength is called the 
spectral response characteristics. The spectral response 
range is determined on the long wavelength side by the 
photocathode material and on the short wavelength side by 
the window material. The PMT R-955 has spectral response 
from 160 to 930 nm with maximum sensitivity around 
400nm. Its photocathode material is multi-alkali and 
window material is fused silica. It is a side-on type 
photomultiplier tube. Figure2.2 shows the spectral response 
curve of PMT  R-955.  
  
 
 
 
 
 
 
Figure 2.2 : Spectral response curve for R – 955 Hamamatsu 
photomultipliertube.  
  
2.2.4 Current Amplification (GAIN) 
Photoelectrons emitted from a photocathode are 
accelerated by an electric field to strike the first dynode and 
produce secondary electron emissions. These secondary 
electrons then impinge upon the next dynode to produce 
additional secondary electron emissions. Repeating this 
process over successive dynode stages, a high current 
amplification is achieved. Thus a very small photoelectric 
current from the photocathode can be observed as a large 
out put current from the anode of the photomultiplier tube. 
The total gain of a given tube has an exponential 
relationship between the number of stages (n), and the 
number of secondary electrons emitted per stage as given by 
the following idealized equation: 
Gain = (electrons emitted per stage)n. 
The resultant gain of a photomultiplier tube is typically of 
the order of 105 to 107. The number of diodes in PMT R-
955 is 9. 
  
2.2.5 Anode dark current 
A small amount of current that flows in a 
photomultiplier tube even when the tube is operated in 
complete darkness is called the anode dark current. The 
resulting noise is a critical factor in determining the lower 
limit of light detection. In this experiment, the magnitude of 
  
the dark current was determined by doing the actual 
experiment with no input.  
2.2.6 Filters 
Filter was used to prevent unwanted radiation form 
entering the photomultiplier tube. Different types of filters 
are available in the market. Their characteristics determine 
their suitability for a particular line or a band of 
wavelengths. Here we have used four filters of values 675, 
585, 615, and 568.5 nm of bandwidth 10 nm at room 
temperature. 
2.2.7 Chart Recorder 
The output of the photomultiplier tube is recorded on 
chart. We have used a chart recorder of model Kip & Zonen.  
2.2.8 Power Supply 
Power supply was given to PM tube, motor and chart 
recorder from an APLAB power supply model H3KO5P. A DC 
voltage of 900 V was given to the PM tube. 
2.3 Monochromator Experiment 
In  th i s  exper iment ,  the  in tens i t y  o f  the  sca t t e red 
sunlight coming from zenith sky in the 436-448 nm range is 
measure d .  The  ma in  componen ts  o f  th i s  s e t  up  a r e  a 
M c P h e r s o n  0 . 3 5  m e t e r  2 7 0  m o d e l  U V  s c a n n i n g 
  
monochromator fixed with a rotating diffraction grating, a 
photo multiplier tube package containing a power supply 
and a computer. Figure 2.3 gives a simplistic ray diagram of 
this  experimenta l  se tup.  A plane mirror,  M1,  with front 
surface coated with aluminium and mounted at 45 0 to the 
h o r i z o n t a l  a x i s  o f  t h e  o p t i c a l  s y s t e m  i s  u s e d .  T h e 
monochromator has s ingle-pass Czerny-Turner mounting 
with two folding mirrors to provide entrance and exit beams 
o n  a  c o m m o n  o p t i c a l  a x i s .  M o n o c h r o m a t o r  h a s  t w o 
counters, one gives the slit-width value and the other gives 
the wavelength reading. The radiation after reflection from 
mirror M1 enters the entrance slit of the monochramator. 
After reflection at mirror M2, a parabolic mirror inside the 
monochromator coll imates this l ight on the grating. After 
diffraction from the grating light is focused on the exit slit 
by another parabolic mirror. This l ight after ref lection at 
m i r r o r  M 3  c o m e s  o u t  o f  t h e  e x i t  s l i t  a n d  e n t e r s  t h e 
photomultiplier tube. The output of the PMT is the desired 
s i g n a l .  T h e  e n t r a n c e  a n d  e x i t  s l i t - w i d t h  o f  t h e 
monochromator was 0.04 mm. The grating at a particular 
a n g l e  a l l o w s  o n l y  o n e  w a v e l e n g t h  t o  p a s s  t h r o u g h , 
depending upon the resolution of the instrument. A R372 
Hamamatsu  pho t om u l t i p l i e r  tube  has  b e en  used  a s  a 
detector. The tube is operated at 1000V (DC). A laboratory  
 
  
 
 
 
 
 
Figure 2.3 : Schematic diagram of the monochromator system. 
 
  
mode converter was used in DC mode with a variable gain. 
The current DC mode has been converted into voltage DC 
mode. A preamplifier (Model SR550) was used to amplify the 
signal. The output of the amplifier was fed to a computer 
through an A/D (PCL-205) card. This PCB was able to 
record in 5V range. The analog signal voltage was digitized 
with 12-bit accuracy. The digitized pulses were given from 
computer to the controller of the monochromator to stop, 
start and reverse the direction of scanning. The scanning 
speed was 36 nm/min. The PMT used has spectral response 
from 185 to 730 nm with maximum sensitivity around 340 
nm. Its photocathode material is bi-alkali and window 
material is UV glass. It is a side-on type photomultiplier 
tube. A photograph of the whole experimental setup is 
shown in Figure 2.4. The spectral response curve of this 
tube is shown in Figure 2.5.  
2.3.1 Observation  
Observations were taken during the evening twil ight 
f o r  so l a r  z en i th  ang l e  o f  about  90 0 .  A t  tha t  t ime ,  the 
radiation coming from the sun travels a longer path through 
the atmosphere; thus, the signature of the absorption will 
be large. The measured signal includes contribution from 
Fraunhofer absorption lines also. To remove the Fraunhofer 
component, observations were also taken during noontime.  
 
  
 
 
 
 
 
Figure 2.4 : Photograph of the whole experimental setup. 
 
 
 
  
 
 
 
 
 
 
 
Figure 2.5 : Spectral response curve for 372 Hamamatsu 
photomultiplier tube. 
  
By taking the ratio of the evening to noon spectra, the ratio 
spectrum was made free, to a large extent, from the 
contribution due to Fraunhofer lines. Both the forward and 
backward scannings were done. Twelve scannings were done 
in 3 minutes. Then the average of these 12 spectra was 
taken. This process also nullifies the scintillating effect of 
the earth’s atmosphere.  
2.3.2 Diffraction Grating 
The grating in the monochromator is a plane 
diffraction grating of 48 mm × 48 mm ruled area. The 
number of grooves in the grating is 1200 line per mm and 
blazed at 500 nm. This grating permits an optical system 
with fixed position entrance and exit slit and allows fixed 
focus scanning without the need for compensation of focal 
plane or slit plane during scan. To get radiations in 
different wavelength while scanning, the grating is rotated 
by an inbuilt motor. The grating equation is independent of 
the rotation angle of the grating and is independent of the 
wavelength being observed. The grating also permits a linear 
relationship between mechanical movement and wavelength 
presentation because sine drive is in use. These designs 
were done by manufacturer in the factory. No modification 
was done by us to the factory design of the monochromator. 
 
  
The maximum resolution of the grating is given by 
λ/δλ   = n. N 
where n is an integer and N is the number of reflecting 
strips. This equation shows that the resolution is 
independent of the rotation angle of the gating. The details 
of this experimental setup and relevant information are 
available in two earlier thesis Lal (1994) and Patel (2002).   
2.4 Radiometer Experiment 
In this experiment we have measured the UV-B 
radiation at 295.8 nm wavelength. We have used a 
narrowband radiometer of type CUVB1. A drawing of the 
experimental setup is shown in Figure 2.6. The radiation is 
incident on the top of the dome. This dome is transparent. 
Below this dome, a diffuser is kept to reduce the intensity of 
the incident radiation. After passing through the diffuser, 
radiation reaches an interference filter. The central 
wavelength of this filter is 306 nm. A photocathode is kept 
just below this filter. The radiation after coming out of the 
filter falls on the photocathode. The output of the 
photocathode is proportional to the spectral irradiance. This 
output is amplified and recorded by a digital multi-meter 
(DMM). 
The radiometer has two parts; the actual radiometer 
(CUV) and a temperature stabi l izat ion unit  (CUVT).  CUV 
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Figure 2.6 : Experimental setup of radiometer.  
 
  
measures irradiance within 180 degree f ie ld of view. The 
radiometer needs a power supply  of  +15V and -15V DC,      
4 0  V A  a n d  2  v o l t a g e  r e a d o u t s  f o r  d a t a  a c q u i s i t i o n .  
The output has two signals. A voltage signal that 
represents the actual UV radiation and a second voltage 
signal representing the sensor temperature. CUVT contains 
electronics to regulate power supply, and control the sensor 
temperature. The power supply to CUV is rooted through 
CUVT.  
CUV is installed in such a manner that its field of view 
is always free from obstructions. Obstructions that rise less 
than 5 degrees above the horizon do not significantly affect 
the measurements. CUV is mounted in a vertical position on 
a plate that does not allow the heat to go above ambient 
temperature 
2.5 Dobson Spectrophotometer 
 A Dobson spectrophotometer is the standard 
instrument for measuring amount of total ozone in a vertical 
column of the atmosphere. Five such instruments are 
operating at different places in India. One among them is 
operating at Physical Research Laboratory, Ahmedabad 
since 1957. Here total ozone is measured around noontime 
for five days in a week. The measured values are sent to 
World Ozone Data Centre, Toronto where these data are 
  
published along with ozone data of many other places. The 
principle of the Dobson spectrophotometer is based on the 
fact that the absorption coefficient of ozone in the Huggin’s 
band in the near ultra-violet region is a rapidly changing 
function of the wavelength. A pair of wave length is chosen 
such that the absorption coefficient of ozone in one 
wavelength is much greater than that in the other. The wave 
length pairs used in Dobson measurements are A(305.5, 
325.4 nm), C(311.4, 332.4 nm), and  D(317.6, 339.8 nm). By 
measuring the ratios of the intensities of these radiations 
coming from the sun at ground at the two pairs of wave 
lengths, it is possible to calculate the total ozone present in 
the atmosphere in a vertical column of air above the 
instrument. The total amount of ozone X in cm at standard 
temperature and pressure is given by  
                          X =   Lo – L -  AC 
                                 µ (α-α΄) 
Where AC stands for the atmosphere correction and 
                           Lo   =   log (I0 / I0 ') 
And 
                           L = log (I / I΄) 
I and I' are the observed intensities of the solar radiation at 
the two wave lengths λ, λ ' at the earth surface and I0, I0'are 
the corresponding un-depleted intensities at the top of the 
atmosphere. λ & λ '  are the decimal absorption coefficient 
  
per cm S.T.P. of ozone for λ and λ ' . µ is the relative path 
length of the solar beam through the main part of the ozone 
layer. For a vertically over head sun µ = 1. The Dobson 
spectrophotometer has special arrangements by which 
separation of the wavelengths can be made easily and the 
ratio of the intensities can be measured quickly. A double 
monochromator is employed to isolate the two wave lengths 
sharply and a photomultiplier assembly is used to measure 
the feeble intensities of the ultraviolet light. Two quartz 
optical wedges interposed in the path of the ultraviolet 
beam can be adjusted so that the intensities can be 
balanced. From previous calibration, the value of the log 
(I/I') can be obtained directly from the setting of the optical 
wedges. This is given by readings on the dial of the 
instrument. The value of Lo which is known as the 
extraterrestrial constant is determined by a series of 
measurements for different values of µ when the sky 
condition is suitable. A ray diagram of Dobson 
spectrophotometer is shown in Figure 2.7. A photograph of 
the whole experiment setup is shown in Figure 2.8. 
  
 
 
 
 
Fiture 2.7 : Schematic diagram of the Dobson 
spectrophotometer. 
  
 
 
 
 
 
 
 
Figure 2.8 : Dobson spectrophotometer.  
  
 
 
 
 
 
Chapter – 3   
Results and discussion (Aerosol) 
3.1 Introduction 
Aerosols are solid or liquid particles suspended in air 
with sizes ranging from 10-3 to 10+3 µm. They have a 
number of properties. These include, in addition to their 
number density, their mass, size, chemical composition, 
and aerodynamic and optical properties. The atmospheric 
effects produced by aerosols are strongly dependent on their 
sizes. Particles in the size range 0.1 -10 µm reflect a part of 
incoming solar radiation back in to space and produce 
radiative and optical effect and thus control the solar 
heating of the earth. Particles of size smaller than 0.1 µm 
affect atmospheric conductivity and those of size larger than 
  
10 µm are important for cloud physics and weather, like 
formation of fog, mist etc.  
Aerosols are produced from many biogenic sources 
such as pollen and spores, from deserts in the form of 
mineral dust, from volcanoes in the form of precursor gases, 
from biomass burning in the form of carbon soot etc. 
Volcanic eruption is a major source of natural aerosols. 
During this event a large quantity of SO2 is injected in to 
the atmosphere from which sulphate aerosols are formed. 
These aerosols stay in the atmosphere for a period of one to 
two years depending upon the intensity of the volcano. 
Eruption of Laki in 1783, Hekla in 1821, Krakatoa in 1883 
all affected the climate. In recent time, Agung in 1963 had a 
clear influence on stratospheric temperatures. El Chichon 
in 1980 has been studied to ascertain the effect that 
volcanoes have on the stratospheric aerosol concentration 
and on climate. A major volcanic eruption took place in 
June 1991 from Mt.Pinatubo in the Philippines. After this 
eruption, aerosol characteristics were measured by ground 
based lidar, aircraft and satellite techniques. The results of 
these measurements show that the behaviour of aerosol in 
the northern hemisphere is different from that of southern 
hemisphere; also their behaviour varies from latitude to 
latitude (Schoeberl et al., 1993). Thus we see that most of 
the studies done with aerosols are related to volcanic 
  
aerosols. Study of background aerosols is relatively sparse 
especially in low latitude region. Our studies are on 
background aerosols at low latitude. Because the aerosol 
properties vary greatly with size and chemical nature of the 
particle, quantifying its effects on the radiation budget still 
is a challenging problem.  
Our measurements were made during evening twilight 
period. Twilight is a buffer period between night and day. 
During evening twil ight period, as the sun starts setting 
down, there is a monotonic decrease in the illumination on 
the earth’s surface. Figure 3.1 shows the position of sun 
an d  an  ob s e r v e r  l o o k ing  i n  t h e  z e n i t h  d i r e c t i o n .  T he 
observer receives the scattered radiation from the zenith. As 
sun sets, the intensity of solar radiation received on the 
ground decreases. This is because the path length covered 
by the solar radiation increases due to the increase in air 
density. The variation of intensity of solar radiation received 
on ground during evening time when an observer looks in 
the zenith direction is shown in curve ‘2’ of Figure 3.2. In 
th is  f igure  X-ax is  shows the  so lar  depress ion angle .  At 
sunset the solar depression angle is 0o. It can be seen from 
this curve that the intensity of  scattered solar radiation 
decreases as the solar depression angle increases. However, 
if an aerosol layer is present in the atmosphere, as shown 
by shaded area in Figure 3.3, a perturbation in the twilight 
  
brightness variation with increase in solar depression angle 
will take place. This is shown in curve ‘1’ of Figure 3.2. To 
understand the nature of  curve 1,  the geometry of  solar 
radiation passing through the atmosphere during evening 
twilight period has also been shown in Figure 3.3. As the 
sun  s ta r t s  mov ing  f r om  pos i t i on  A  t o  po s i t i on  B ,  the 
intensity starts decreasing and as the sun starts moving 
down from the position B to position C, the rate of decrease 
becomes faster ti l l  the position C is reached, after which 
there could be a little increase or no decrease in the value 
of intensity for some time and then starts decreasing again. 
From the time sun starts setting, earth’s shadow gradually 
rises upward and the atmospheric region of concern comes 
in the earth ’s  shadow and the intensity drops to almost 
zero.  This drop is seen in both the curves ‘1 ’  and ‘2 ’  in 
Figure 3.2. The analysis of the variation of this intensity 
gives information about the characteristics of the aerosols 
present in the  atmosphere.  This  anomalous var iat ion of 
tw i l i ght  br ightness  is  very  spectacular  a f te r  a  vo lcanic 
eruption when a dominant aerosol layer is present. Studies 
have been reported for El Chichon and Pinatubo eruption 
[Rosen, 1969; Volz,  1969, 1974; Cadle and Grams,1975; 
Ashok et al., 1982, 1984; Chakrabarty and Lal, 1997]. The 
magn i tude  o f  in tens i ty  a t  d i f f e r en t  wave l eng th  i s  a l so 
different because of the aerosols of different sizes. We have 
  
 
 
 
 
 
 
 
 
 
Figure 3.1 : Position of the sun and observer.
  
 
 
 
 
 
 
Figure 3.2 : Variation of zenith sky twilight brightness with 
solar depression angle for 11 January 1992 (curve I) and 15 
September 1993 (curve 2), at 800 nm. 
  
 
 
 
 
 
 
 
Figure 3.3 : Geometry of the situation for zenith 
observations. Solar rays illuminating the aerosol scatterers 
suffer attenuation during their passage through the aerosol 
layer (Ashok et al., 1982) 
  
measured the intensity of scattered radiation at four 
wavelengths. Aerosol properties have been studied from 
these measurements. Measurements have been made from 
the terrace of Physical Research Laboratory, Ahmedabad. 
The present chapter deals with the results obtained 
after analysis of these measurements. The instrument used 
is a sun photometer details of which were given in Chapter 
2. Section 3.2 gives a brief account of earlier twilight 
brightness measurements made by various authors. Section 
3.3 deals with the observations. Section 3.4 deals with the 
theory. Section 3.5 describes the result. 
3.2 Earlier twilight brightness measurements 
Twilight brightness has been measured with simple 
and sensitive ground-based optical methods by many 
workers (Ashburn,1952; Bigg, 1956; Volz and Goody, 1962; 
Rozenberg, 1966; Dave and Mateer, 1968; Volz, 1969, 1973, 
1974; Ashok et al., 1982, 1984; Coulson, 1988; Sarkission 
et al., 1991; Perliski and Solomon, 1992, Chakrabarty and 
Lal, 1997) mainly for the study of additional layer present 
in the atmosphere after volcanic eruption. Logarithmic 
gradient of twilight intensity has been measured or 
theoretically interpreted by many workers [Bigg,1956; Volz 
and Goody ,1962; Rozenberg,1966; Dave and Mateer, 1968; 
Volz,1969; Ashok et al., 1982,1984; Coulson, 1988] to 
  
determine the aerosol layer height. Color ratio also has been 
used for identifying the aerosol layer height and the 
strength of aerosol by measuring the twilight intensity at 
different wavelength region [Sarkissian et al., 1991]. 
Stratospheric dust has been measured in terms of color 
ratio by Volz [1969, 1970, 1974] and spectral color ratio has 
been measured in the polar region for the identification of 
polar stratospheric cloud [Sarkissian et al., 1991].  Ashok et 
al. [1982, 1984] studied the properties of El Chichon 
aerosols by measuring the intensity of twilight scattered 
radiation at 870 nm at Ahmedabad. 
Attempts have been made to characterize the 
atmospheric aerosol using satellite (e.g., Mc Cormick et al., 
1979), in situ (e.g., Rosen and Hofman, 1977) and ground-
based lidar (e.g., Fiocco and Grams,1964) observations. The 
global long-term data set on aerosol properties [Torres et al. 
2002] derived from near UV observations by the TOMS 
sensor provides data on aerosol optical depth and single 
scattering albedo. 
In the TOMS UV algorithm, Mie scattering effect are 
accounted for using a thin cloud model [Krotkov et al, 2001] 
that adequately corrects for the effects of non-absorbing 
aerosol, clouds or cloud–aerosol mixtures. [Matsumoto et 
al.1997] have shown that not only sulfate, but also water-
  
soluble organic species, are dominant compounds in fine 
aerosols and that their mass is proportional to CCCN 
concentration. A study about the partitioning of cloud 
particles between droplets and inactivated interstitial 
aerosols by Gillani et al. [1995] describes the dependence of 
the aerosol activation efficiency on parameters like particle 
size and concentration. Since 1976, when Cautreels and 
Van Cauwenberghe [1976] published the first results for 
compound specific analysis of organic atmospheric aerosols, 
many studies have been conducted for the characterization 
of urban aerosols [e.g., Simoneit,1986; Rogge et al., 1993] , 
background aerosols [e.g. Kawamura et al., 1996] and 
marine aerosols [e.g. Kawamura and Sakaguchi, 1999]. To 
date, numerous studies on the radiative effect of aerosols 
have focused on the role of anthropogenic sulfate [e.g. 
Charlson et al., 1991, 1992; Kiehl and Briegleb, 1993; 
Taylor and Penner, 1994]. In contrast, quantitative 
estimates of direct radiative forcing due to black carbon 
have been given only by a few researchers [e.g. Haywood 
and Shine, 1995; Haywood et al., 1997; Haywood and 
Ramaswamy, 1998; Kirkevag et al., 1999]. For example, 
long-term  measurements of black carbon (or absorption 
coefficient) at remote sites have been reported only for a 
limited number of location, such as Barrow, Alaska, Mauna 
Loa, Hawaii, and the South pole [Bodhaine, 1995]; Mace 
  
Head, Ireland [Cooke et al ., 1997]; coastal Antarctica [Wolff 
and Cachier, 1998] ; and Jungfraujoch, Switzerland 
[Lavanchy et al., 1999]. Based on a long term measurement 
at island in the mid-Pacific ocean, [Savoie and Prospero 
1989] suggested that anthropogenic sources in Asia 
appeared to have only a small impact on sulfate 
concentration over the North Pacific Ocean. Airborne 
measurements conducted in the Pacific Exploratory Mission 
in the Western Pacific ocean (PEM-West) show that long 
range transport of materials from East Asia has a 
widespread impact on the chemical composition of the 
troposphere over the Western Pacific ocean [Hoell et al., 
1997]. According to the numerical simulation by [Xiao et al., 
1997], the maximum flux of sulfur transport from East Asia 
occurred in the 300 to 400 N latitude zone during the PEM-
West (early spring 1994). Jaffe et al., 1999 reported the 
detection of Asian air pollutants, which increased light 
scattering and absorption coefficients, even on the Pacific 
Northwest coast of the United States. In the Indian sub-
continent some balloon measurements were made during 
MAP period [Jayaraman et al., 1988, Jayaraman, 1991]. 
Some balloon measurements were also carried out after 
Pinatubo eruption [Ramachandran et al., 1994]. 
 
  
3.3 Observations 
Measurements have been made from the time the sun starts 
setting when solar depression angle was 0o. The intensity of 
the scattered radiation reaching the ground depends on the 
wavelength as well  as solar depression angle. It has been 
shown by Rozenberg [1966] that when wavelength increases 
the mean scattering height decreases. At lower wavelength, 
the layer has a very distinct shape, practically independent 
o f  r e f rac t i on  e f f ec ts .  In  the  l ong -wave  spec t ra l  reg ion , 
however part of its profile is severely distorted by refraction. 
Rozenberg [1966] shows that scattering height decreases 
from about 50 km to about 25 km for a depression angle of 
60 when the wave length increases from 500 nm to 880 nm. 
In the present study we have concentrated at 675 nm, 585 
nm, 615 nm and 568.5 nm for depression angle less than 
80.  Dai ly observations have been taken during 1999 and 
2000.  The  durat ion  o f  observat ion  i s  approx imate ly  30 
minutes f rom sunset.  Al l  the  records of  observat ion are 
s h o w n  i n  F i g u r e s  3 . 4  a n d  3 . 5  f o r  1 9 9 9  a n d  2 0 0 0 
respectively. In these diagrams we have shown the variation 
o f  in tens i ty  o f  rad ia t ion  wi th  t ime  a t  four  wave lengths 
corresponding to four filters F1 (675 nm), F2 (585 nm), F3 
(615 nm), F4 (568.5 nm). These are normalized with respect 
to  the  sunset  va lues.  I t  can be  seen from the curves o f 
  
Figures 3.4 and 3.5 that on almost all the days the pattern 
is same, a decreasing trend with increase of time. But on 
certain days the pattern is slightly different. The pattern of 
these curves agrees in general with the pattern shown in 
Figure 3.2 (curve-2). In Figure 3.6 we have compared the 
same results for all the four wavelengths. One can notice 
f rom th is  f i gure  tha t  the  in tens i ty  a t  wave lengths  675 
(f i lter-1) and 615nm (fi lter-3) (Figure 3.6a) are nearly the 
same and the intensity at wavelengths 585 ( f i l ter-2)  and 
568.5nm (f i lter-4) (Figure 3.6b) are also nearly the same. 
But the intensity at wavelengths 675 and 615nm is about 
an order of magnitude less than that at wavelengths 585 
and 568.5nm. After sunset, with passage of time, the height 
of the earth’s shadow starts going up. This height vs. time 
curve is different in different months. In Figure 3.7 we have 
shown a plot  o f  he ight  o f  the shadow vs.  the t ime af ter 
sunse t  f or  the  month  o f  December  as  an  example .  The 
pattern shown in Figures 3.4-3.6 will be different if aerosol 
layer is present. In Figure 3.2 (curve-1) we have shown an 
example of  the variation of  zenith sky twi l ight scattered 
i n t e n s i t y  w i t h  s o l a r  d e p r e s s i o n  a n g l e  m e a s u r e d  a t 
Ahmedabad for 11 January 1992 when the Mt.  Pinatubo 
volcanic effect was present. This is for wavelength 675nm. 
T h e  a n o m a l o u s  b e h a v i o r  o f  c u r v e  1  i s  c a u s e d  b y  t h e 
presence  o f  an  ae roso l  l aye r  fo rmed by   the   P inatubo  
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Figure 3.4 : Intensity-time curve for different days during 1999.   
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Figure 3.5 : Intensity-time curve for different days during 2000. 
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Figure 3.6(a) : Plot of intensity of radiation with time at wavelength 
675 and 615 nm. 
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Figure 3.6(b) : Plot of intensity of radiation with time at wavelength 
585 and 568.5 nm. 
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Figure 3.7 : Plot of height of the earth shadow vs. time after 
sunset for December 1999. 
  
volcanic effect was present. This is for wavelength 675nm. 
The anomalous behaviour of curve 1 is caused by the 
presence of an aerosol layer formed by the Pinatubo 
eruption. In this natural phenomenon, SO2 is injected into 
the Earth’s atmosphere which in about a month’s time, is 
transformed into H2SO4 aerosol and spread all over the 
globe. It is apparent from Figures 3.4-3.6 that at the time of 
our observation there was no volcanic aerosol layer over 
Ahmedabad. Aerosols measured by us are thus normal 
background aerosols. Now we derive a theory to obtain the 
distribution of background aerosols in the normal time. 
3.4 Theory to obtain background aerosol number 
density 
The intensity, I(λ), measured on the surface of the earth at 
wavelength, λ, is given by Beer-Lambert law: 
I(λ) = I0.e-σ ∫ndh      (3.1) 
Where I0 is the intensity before entering the earth’s 
atmosphere and σ is the absorption/scattering cross-section 
of the species whose volume density is n in the height 
interval dh. Differentiating equation 3.1 we get: 
dI = I0(-σ∫ndh)( e-σ ∫ndh)dh 
    = I (-σ∫ndh)dh  (using equation 3.1) 
              or (1/I)(dI/dh) = -σ∫ndh     (3.2) 
  
     Since intensity is reduced by aerosols and air molecules, 
we write equation 3.2 as: 
(1/I)(dI/dh)  = -σR{Σ[N]} – σA{Σ[P]}   (3.3) 
Where σR is the Rayleigh scattering cross-section, σA is the 
aerosol cross-section, ΣN is the column density of air 
molecules and ΣP is the column density of aerosol particles. 
Equation 3.3 can be written as: 
[{(1/I)(dI/dh)}h1 – {(1/I)(dI/dh)}h2] 
= - σR[{Σ[N]}h1 - {Σ[N]}h2] – σA[{Σ[P]}h1 - {Σ[P]}h2] (3.4) 
Equation 3.4 can be written as: 
σA[{Σ[P]}h1 - {Σ[P]}h2] 
= [{(1/I)(dI/dh)}h2-{(1/I)(dI/dh)}h1]-σR[{Σ[N]}h1-{Σ[N]}h2] (3.5) 
We write equation 3.5 as:  
A = M – Z 
Where A = σA[{Σ[P]}h1 - {Σ[P]}h2], 
M = [{(1/I)(dI/dh)}h2 – {(1/I)(dI/dh)}h1] and 
Z = σR[{Σ[N]}h1 - {Σ[N]}]h2. 
The value of M is obtained from our measurements. To 
calculate Z, the values of σR and N are needed. The value of 
σR has been taken from Nicolet [1984] given by the following 
expression:   
σR = 4x10-28λ -4 cm2 
  
Where λ is in µm. The value of N has been taken from US 
Standard Atmosphere 1976. Knowing the values of M and Z, 
the value of A can be calculated. 
3.5 Results 
From the measured intensity (shown in Figures 3.4-
3.6) and the corresponding shadow height, ‘h’ (an example 
shown in Figure 3.7), the values of (1/I).dI/dh have been 
calculated. Some typical  plots of  ‘h ’  vs.  (1/I ) .dI/dh have 
been shown in Figure 3.8. Calculations have been done for 
al l  the days of  a month, averaged and then smoothened. 
From these smoothened values, the values of M for all the 
months have been calculated. The values of  Z have been 
ca lcu la ted by  tak ing  the  a i r  dens i ty  f rom US Standard 
A t m o s p h e r e  1 9 7 6 .  T a b l e  3 . 1  s h o w s  a n  e x a m p l e  o f 
ca lculat ion for  January  1999 measurements  for  675nm 
filter. Description of all the columns of this table has been 
given in its foot note. One can see from column 8 that the 
va lue  o f  M  decreases  up  t o  a  ce r ta in  he i gh t  and  then 
remains almost constant. Column 10 shows that the value 
of Z decreases with increase in height. The values of A for 
all the months of 1999 and 2000 and for all the four filters 
have  been calculated.  These  va lues have been shown in 
Figure 3.9a, b. One can see from this figure that the value 
of A is almost constant throughout the height range 5-25  
  
 
 
 
 
 
 
March 1999 (All Filters)
0
5
10
15
20
25
0 0.000001 0.000002 0.000003
1/i*di/dh (km-1)
ht
 (k
m
)
f1
f2
f3
f4
 
 
Figure 3.8 : Plot of height vs. (1/I) × dI/dh for all four 
filters during March 1999. 
  
km and is ~ 10-8 cm-1. The parameter A is a product of 
cross-section, σA and number density of aerosols in the 
height range h1 to h2. Since the value of absorption cross-
section is constant, the plots in Figure 3.9 show height 
distribution of aerosol number density in relative unit. 
Balloon measurements have shown that the number density 
of aerosols increases with the decrease in the radius of 
aerosols [Deshler et al. 1997]. For aerosols of radius in the 
range 0.15 to 1µm, Deshler et al [1997] have measured for 
mid latitude station the number density of background 
aerosol ~ 1 - 0.01 cm-3 and almost constant in the height 
range 5 - 25km. If we take the number density = 0.1 cm-3, 
the value of σA becomes equal to 10-9cm2. The values of 
absorption/scattering cross-section of aerosols of different 
sizes are different. Hence aerosols which are sensitive in the 
568.5 to 675.0 nm wavelength range have absorption / 
scattering cross section ~10-9cm2. Taking all the 
measurements of 1999 and 2000, a model has been 
prepared for winter season of low latitude. In Figure 3.10 we 
have shown plots of A vs. height of this model for all the 
four filters. The model shows that the background aerosol 
density is almost constant up to about 25km. To obtain the 
number density of aerosols, these values of A have to be 
divided by appropriate value of σA. 
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Figure 3.9 (a) : Height distribution of aerosol number density for 
year 1999 
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Figure 3.9 (a) : Height distribution of aerosol number density for 
year 1999. 
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Figure 3.9 (b) : Height distribution of aerosol number density for year 2000
  
 
        Filter – 3    Filter – 4 
Figure 3.9 (b) : Height distribution of aerosol number density for 
year 2000. 
  
  
 
 
 
 
Legends of Table 3.1 
 
Column 
 
1. Im is the average of all the values in a month. 
2. h corresponds to shadow height. 
3. Normalized with respect to sunset value (the 1st 
value in column). 
4. dI/dh calculated from 2nd & 3rd column values. 
5. Iav is the average of the consecutive I values in 
column 3. 
6. m is the product of 4th column & inverse of 5th 
column. 
7. ms is the smoothened value of the values given in 
column 6. 
8. M is the difference of two consecutive values (height 
h1 and height h2). 
9. N is the difference of column density between height 
h1 & height h2 
10. Z = σr × N 
11. A = M - Z 
  
  
 
 
 
 
 
 
Figure 3.10 : Plots of height (km) vs. aerosol number 
density for winter season for four wavelengths 675 nm (F1), 
585 nm (F2), 615 nm (F3), 568.5 nm (F4). 
  
 
 
 
 
 
Chapter - 4 
Results of oxygen dimer measurements  
4.1 Introduction 
Human activities are changing the concentration of 
ozone in the earth’s atmosphere. The magnitude of this 
change is not completely reproducible by theory. Nitrogen 
dioxide, NO2, is a minor species in the earth’s atmosphere, 
which plays an important role in ozone chemistry. In 
making measurements of NO2, radiations in the 400-500 nm 
are used in many ground-based and satellite techniques. 
That is because there is a highly structured absorption in 
this spectral region and it is relatively easy to measure. 
This region also has absorption due to several other 
molecules for which correction must be applied in order to 
accurately determine the density of NO2. One among them is 
  
oxygen dimer, O4. Information about this species is sparse. 
O4 has a relatively weak absorption feature at 446.7nm 
[Greenblatt et al., 1990]. Using this feature, column density 
of O4 has been measured at Ahmedabad (230N, 720E). We 
have used a McPherson scanning monochromator and a 
photomultiplier as detector. The scattered twilight intensity 
in 436-448nm range has been measured from 1996 to 1999 
at Physical Research Laboratory, Ahmedabad. This gives 
values of O3, NO2, H2O, O4 and some characteristics of 
aerosols. The results on O3, NO2 and H2O have been 
described in an earlier thesis [Patel, 2002]. In this chapter, 
we will present the results of O4 and some characteristics of 
aerosols. The details of the experimental set up have been 
given in Chapter 2. In section 4.2, we have surveyed the 
existing results. The methodology used is described in 
section 4.3. Section 4.4 deals with the data reduction. The 
possible errors that may affect these measurements are 
given in section 4.5. Results are given in section 4.6 
4.2 Earlier study 
Harrison [1979] developed an algorithm to measure 
NO2 in which absorption due to O3 and water vapor and 
scattering due to aerosols and Rayleigh in the atmosphere 
have been taken in to account. This method was modified by 
Syed and Harrison [1980]. McKenzie and Johnston [1982] 
  
developed an automatic scanning spectrometer at Lauder 
(450S) for scanning the zenith sky intensity during twilight 
period between 436 and 448nm for different measurements. 
Later, this method was used by many researchers for trace 
gases   [McKenzie and Johnston, 1983, 1984; Noxon et al., 
1983; Keys and Johnston, 1986]. Oxygen dimer, O4, is a 
minor species in the earth’s atmosphere. No attention was 
paid to this species till Greenblatt et al. [1990] showed that 
this species has a relatively weak absorption feature at 
446.7nm and this wavelength falls within the spectral 
region used for the determination of NO2 density. This 
finding was welcome because the magnitude of change in 
the concentration of ozone in the earth’s atmosphere was 
not completely reproducible by theory and researchers were 
looking for some missing processes. Since NO2 plays role in 
the theory of ozone, in the determination of NO2, a 
correction due to O4 factor must be applied, which was not 
being applied so far. Thus almost no work exists on O4 
density measurements. Bhosale et al. [2004] measured O4 
slant column density at Reykjavik (640 N, 230 W) for the 
months December to April 1993/94 and 1994/95 by using 
an automatic spectrometer. They found values in the range 
0.2 to 1.3 x104molecules2/cm5 for different conditions of 
cloud heights. 
  
4.3 Methodology 
The scattered intensity has been measured in the 
range 436 to 448nm for two positions of the sun: 
1. During twilight period, when solar zenith angle is 
greater than 85o 
2. During noontime when solar zenith angle is minimum. 
As the solar zenith angle increases, the path of the 
sunlight through the atmosphere increases to a point where, 
in twilight, it approaches a value about 30 to 40 times 
greater than the value for an over head sun. As a result, 
twilight spectrum will have greater absorption due to 
atmospheric species compared to that at noontime. 
4.3.1 Zenith sky brightness 
When the zenith sky is observed, the photons detected 
by the instrument, have been scattered at least once. Let us 
consider the case of single scattering. The relevant geometry 
is depicted in Figure 4.1 [Solomon et al., 1987]. The 
contribution to the intensity of scattered radiation by an 
infinitesimally thin layer, ∆Z, at altitude Z, is given by: 
                   Iz,s   =  Iz Sr.[M]z.L.∆Z                 ……  (4.1) 
Where Iz is the intensity of radiation reaching the layer at 
altitude Z, Sr is the Rayleigh-scattering cross section for the 
wavelength of interest, [M]z is the air density at altitude Z,  
 
  
 
 
 
 
 
Figure 4.1 : Twilight geometry for (a) zenith angle (χ) less 
than 90° and (b) zenith angle (χ) greater than 90° (Solomon 
et at., 1987) 
  
and Iz,s  is the intensity of the radiation scattered at the 
layer Z and L is the air mass factor  which is the ratio of 
slant path to vertical path covered by solar  radiation. If the 
atmosphere is optically thin at the wavelength considered, 
then all factors except [M]z in equation 4.1 are independent 
of height, and it follows that the scattered flux varies with 
altitude as the air density. Under these circumstances, most 
of the singly scattered photons measured by an upward 
looking spectrometer have been scattered in the lowest few 
kilometers of the atmosphere. However, for photons at large 
solar zenith angles (>850) in the wavelength range of our 
interest, the atmosphere is not optically thin. This is due to 
the attenuation of solar radiation by Rayleigh scattering, so 
that the radiation reaching a particular altitude is reduced 
according to:   
 Iz = Io.exp (-Sr. ∫z.[M]z.L z.dz)   (4.2) 
The intensity, therefore, varies according to the atmospheric 
density profile. It also varies strongly with wavelength, 
since the Rayleigh scattering cross section varies as the 
inverse of the wavelength to the fourth power. Combining 
equations 4.1 and 4.2, we obtain for any assumed infinitely 
thin layer, ∆Z:  
 Iz ,s =  Sr.[M]z. L.∆Z. Io.exp(-Sr. ∫z[M]z.Lz.dz) (4.3) 
The change in atmospheric density with height thus 
has nonlinear effects on the scattered flux, and there will be 
  
some height Z at which maximum scattered intensity 
occurs. At large solar zenith angles, increase in the optical 
path inhibits the propagation of solar radiation to low 
altitudes, but the radiation that does arrive there will be 
more strongly scattered. Thus, there will be some altitude Z 
from which most of the radiation reaching the surface is 
scattered and this will depend upon the wavelength and air 
density profile. The scattered flux coming from the zenith 
has been calculated by many workers [Solomon et al., 1987; 
Bhonde et al., 1992]. Solomon et al. [1987] calculated 
scattered flux at the surface for an upward looking 
spectrometer at 440 nm for 550N in winter as a function of 
the altitude. The upward looking spectrometer will receive 
light, which is a composite of fluxes scattered from all 
sides, but they show that certain altitude provides the 
dominant source of sky brightness at any particular solar 
zenith angle. When the atmosphere is optically thin, the 
scattered flux simply decreases exponentially with height, 
but at, for example 930, most of the sky brightness or flux 
arriving at the ground, does so by scattering  at about 15 
km, where the combined effects of available light and local 
air density for scattering are maximum. Scattering 
efficiency decreases exponentially with height but extinction 
also decreases with height at different rate. These are 
dependent on λ and χ. A similar calculation was done by 
  
Bhonde et al. [1992] for low latitude. They found that most 
of the scattered flux received on the ground at 900 comes 
from above 10 km altitude and it decreases exponentially 
above that altitude. Hence, the scattered solar flux around 
450 nm that is reaching the surface of the earth during 
twilight period can give information about the species above 
about 15 km and it will follow the Gaussian distribution. 
This situation has been shown in Figure 4.2.  
The radiation reaching the earth‘s surface is also 
scattered by aerosol particles. The contribution of molecular 
scattering is very high at lower wavelength region. On the 
other hand, the aerosol contribution is dominant over 
higher wavelength region. This is because Rayleigh 
scattering is proportional to λ -4 and aerosol scattering is 
approximately proportional to λ -1. 
 
4.3.2 Ratio spectrum 
Figure  4.3  shows two zeni ths sky spectra  obta ined   
during twi l ight and noontime. Both spectra appear to be 
very s imi lar  owing to the presence of  strong Fraunhofer 
structure in the incoming solar radiation. These raw spectra 
are         the averages of 8 spectra taken for removing the    
atmospheric scintillation effect. But the twilight intensity is 
weak compared to the noontime one. Hence, these two raw 
spectra have been normalized at 437.9 nm, where there is  
  
 
 
 
 
 
 
 
Figure 4.2 : Path geometry for twilight rays scattered from 
the zenith sky (McKenzie and Johnston, 1982) 
  
 
 
 
 
 
 
Figure 4.3 : Zenith sky spectra obtained in the range of 
436 – 448 nm during noontime (1237 IST, dotted line) and 
eveningtime (0502 IST, solid line). 
  
minimum contribution of solar Fraunhofer effect. In both 
the spectra, a pronounced dip is seen at 438.6 nm, which is 
due to the Fe (II) absorption in the solar atmosphere. This 
wavelength has been used for positioning the two spectra 
with respect to wavelength. By taking the ratio of these two 
spectra, Fraunhoffer component has been attempted to be 
removed. 
Figure 4.4 shows the ratio of the twilight to the 
noontime spectra of Figure 4.3. In Figure 4.4, the 
Fraunhofer component is supposed to have been removed. 
But, because of the difference in the geometry of scattering 
at the noon and at the twilight periods, as pointed out by 
many workers, these components are not fully removed. 
But, in the wavelength region used in the present work, the 
ring effect is very low, at the level of a few tenths of a 
percent. In Figure 4.4 there are five dips, at points A, B, C, 
D and E at wavelengths 439.5 nm, 442.5 nm, 443.5 nm, 
445.0 nm and 446.7 nm respectively. In these points, A and 
D are due to NO2 while B and C are due to water vapor and 
ozone respectively. O4 contains absorption at point E at 
wavelength 446.7 nm. 
4.4 Data Reduction 
4.4.1 Derivation of Beer-Lambert law 
Let I be the intensity falling on the top of the earth’s 
atmosphere and dI be the amount of intensity that gets  
  
 
 
 
 
 
 
 
Figure 4.4 : Curve showing the ratio of eveningtime to 
noontime spectra. 
  
absorbed by the species in the particular region. Then the 
amount of solar radiation that reaches the surface of the 
earth is I- dI. 
Beer-Lambert’s law says:  
dI = -I.σ.n.dh  ….. ….. ….. (4.4) 
Where, n = number density, dh = vertical height and σ is the 
cross section of the species. From equation 4.4 we get: 
   dI/I = -σ n dh   ….. ….. ….. (4.4a) 
 Taking integration on both sides of equation 4.4a we get: 
∫dI/I =  - σ∫ndh 
or  In I + C = - σ∫ndh          ….. ….. ….. (4.5) 
Where C is constant of integration.  
At h = 0, I = I0 = intensity at the top of the atmosphere    
  ln I0 + C = 0 
  C = - ln I0             ….. ….. ….. (4.6) 
By equations (4.5) and (4.6) we get 
  ln I – ln I0 = - σ∫ndh 
  ln I/I0 = - σ∫ndh  
  I/I0  = e –σ∫n.dh  
  I  = I0 e –σ ∫n.dh 
Here integration is done from ground to infinity. 
4.4.2 Matrix inversion method 
Syed and Harrrison [1980] have summarized several 
methods to derive the slant column density of minor 
  
constituent from ratio spectra. We have used matrix 
inversion method to derive O4. The method is described 
below in detail. 
The measured flux, I(λ), at wavelength, λ, is given by Beer-
Lambert’s law:  
I(λ) = I0 (λ).exp[-a(λ).m.x]       ….. ….. ….. (4.7) 
where I0 (λ) is the flux incident at the top of the 
atmosphere, a(λ) is the absorption cross-section of the 
absorbing species, m is the number density of the absorbing 
species and x is the path length over which the absorption 
takes place. Equation 4.7 can be written as: 
I(λ) = I0(λ).exp[-a(λ). ∫mdx] ….. ….. ….. (4.8)  
where ∫mdx shows that integration has been taken over 
the total thickness of the atmosphere. Observations are 
taken during noontime and during twilight time. If ln(λ) and 
It (λ) are observed intensities during noontime and during 
twilight time conditions, then from Equation 4.8 we can 
write: 
loge[It(λ)/In(λ)] = -a(λ).[ ∫(mdx)t- ∫(mdx)n ] 
or R(λ)   = -a(λ).M  ….. ….. ….. (4.9) 
where R(λ) = loge [It(λ)/In(λ)] and M= ∫(mdx)t - ∫(mdx)n is 
called slant column density. This procedure also removes 
the necessity of knowing I0(λ). In the region 436-448 nm, 
absorption is due to NO2, O3, H2O, and O4, air (Rayleigh) 
and aerosol scattering. The values of R(λ) will, therefore, 
  
depend on the densities of NO2, O3, O4 and H2O present in 
the atmosphere and Rayleigh and aerosol scatterings. 
Equation 4.9 then becomes. 
R(λ)=-a1(λ).[M1]-a2(λ)[M2]-a3(λ)[M3]-a4(λ)[M4]-A/λ4–B/λ …(4.10) 
Where a1(λ), a2(λ), a3(λ), a4(λ)  are absorption cross-section 
of NO2, O3, H2O and O4 at wavelength λ ; A and B are 
constants associated with Rayleigh scattering and aerosol 
scattering and  [M1], [M2], [M3] and [M4] are slant column 
densities of NO2, O3, H2O and O4. In this equation R(λ) is the 
measured quantity; a1(λ), a2(λ), a3(λ), and a4(λ) are known 
from laboratory measurements and  [M1], [M2], [M3] and 
[M4], A and B are six unknowns. We will have 1110 values of 
R(λ) which will form 1110 linear equations. These equations 
are transformed into a 6x6 matrix by least square method. 
Then by matrix inversion method, the values of six 
unknowns are calculated.  
4.4.3 Absorption cross-sections 
As the solar photons penetrate into the earth's 
atmosphere, they undergo collisions with atmospheric 
molecules and are progressively absorbed and scattered. 
The probability of absorption by a molecule depends on the 
nature of the molecule and the wavelength of the incoming 
photon. An effective absorption cross-section, σa can be 
defined for each photochemical species. This quantity is 
  
expressed in cm2 and is normally independent of the 
concentration of the species under consideration.  
The Beer-Lambert law gives the absorption of a ray of 
incident intensity, I, and wavelength, λ, passing through 
infinitesimally thin layer, ds. The variation of the intensity, 
I, is given by:  
dI(λ) = Ka(λ).I(λ).ds       ….. ….. …..  (4.11) 
Where Ka is the absorption coefficient expressed in cm-1. 
This coefficient is proportional to the concentration n (cm-3) 
of the absorbing particle and is related to the effective cross 
section, σa(cm2) by the expression:  
Ka(λ) = σa(λ).n    ….. ….. …..  (4.12) 
We require absorption cross- section of NO2, O3, O4, 
and H2O in the wavelength range of 436-448 nm to calculate 
column density of NO2, O3, H2O, and O4. NO2 mainly 
absorbs radiations at 439.5 and 445nm and O3 at 443.5nm. 
The values of absorption cross section of NO2 and O3 have 
been taken from Harrison [1979]. Detail discussion of these 
cross-sections has been given elsewhere [e.g. Patel, 2002]. 
These values are shown in Figure 4.5. Water vapor absorbs 
radiation at 442.5nm. The absorption cross-section of H2O 
has been discussed in detail in Chakrabarty et al. [2003]. 
The absorption cross section of H2O has been taken from 
Harder and Brault [1997]. This has been shown in Figure 
4.6.  
  
 
 
 
 
 
Figure 4.5 : Absorption cross-section values of NO2 and O3 
between 436 and 448 nm wavelength (Harrison, 1979)
  
 
 
 
 
 
Figure 4.6 : H2O absorption cross-section vs. wavelength 
  
The absorption cross-section of O4 has been taken 
from Greenblatt et al. [1990]. The absorption bands of O2 in 
the wavelength region 300-1300 nm were first reported by 
Salow and Steiner [1936]. Since then the absorption bands 
in this region have been observed by long path absorption in 
the atmosphere [Perner and Platt, 1980]. The absorption 
cross-sections for most of the reported absorption bands 
show a linear dependence on the O2 concentration. The 
concentration dependence of the absorption cross-section 
has been attributed to collision induced absorption [Blake 
and McCoy, 1987], absorption by O2-O2, O2-N2 and O2-Ar 
complexes [Shardanand 1977, Shardanand and Prakash Rao 
1977] or absorption by covalently bonded O4 [Shardanand, 
1969]. In each case O2 is perturbed by a neighbor molecule 
which causes a relaxation of the selection rules for dipole 
forbidden transitions [Blake and McCoy, 1987]. Hence the 
absorption cross section, σ, of O4 is characterized as having 
a weak concentration–independent component, σ0, and a 
component that varies linearly with concentration. The 
observed cross section, σ, is than expressed as: 
σ = σ0 + α. [O2]   ….. ….. ….. (4.13) 
Where [O2] is the concentration of O2 and α describes the 
concentration dependence of the absorption cross section. 
The absorption cross sections of O4 were obtained by 
Greenblatt et al. [1990] from the measured light intensities 
  
with and without oxygen in the cell (I and I0 respectively) 
using Beer-Lambert law:   
σ  = ln(I/I0)/L[O2]       ….. ….. …..  (4.14) 
Where σ is the absorption cross-section (cm2 molecule-1) as 
defined in equation 4.13, L is the path length (cm), and [O2] 
is in units of molecule cm-3. The absorption spectra 
measured between 330 and 1140 nm at 55 atmosphere 
pressure is shown in Figure 4.7. Absorption bands centered 
at 343.4, 360.5, 380.2, 446.7, 477.3, 532.2, 577.2, 630.0, 
687.2, 689.3, 760.8, 763.8 and 1065.2 nm were observed. 
The absorption features have been assigned to transitions in 
O2 and O2-O2, as listed in Table 1. The highest peak appears 
to be at 763.8 nm. Since our interest is between 430 and 
450nm, O4 absorption between 400 and 500 nm is shown 
separately in Figure 4.8. 
4.5 Sources of error 
 Any experimental technique used for the 
measurement of any parameter has some limitations and 
uncertainties. These, for our present measurements, are 
discussed in the following paragraphs. 
 
4.5.1 Laboratory absorption cross-sections 
 Cross-sections of NO2, O3, H2O and O4 used in the 
present study have been mentioned above. The uncertainty  
  
 
 
 
 
  
 
 
 
Figure 4.7 : Absorption spectrum between 330 and 1140 nm 
for an O2 pressure of 55 atm. and a path length of 89.5 cm 
  
 
 
 
 
 
 
Figure 4.8 : O4 absorption between 400 and 500 nm in 
enlarged scale. 
  
in these values is about ± 5%. These measurements were 
taken at room temperature and hence not strictly applicable 
to stratospheric temperature. According to Syed and 
Harrison [1980] these absorption cross-section values are 
independent of temperature and pressure. 
4.5.2 Tropospheric contamination 
 Since observations have been made in the urban 
area, possibility of contamination due to motor-car, biomass 
burning and industrial pollution exists. In the zenith sky 
measurements during twilight period, direct solar radiation 
passing through troposphere is absorbed by its dense 
atmosphere. Thus the light reaching the surface of the earth 
during twilight period is the light scattered from above 
troposphere. Measurements were also taken with direct sun 
as a source with clear sky condition. The results obtained 
do not differ significantly from that of the scattered sunlight 
method. These show that the contamination due to 
troposphere region is negligible in our results.  
4.5.3 Ring effect 
 Fraunhofer filling-in was first reported by Grainger 
and Ring [1962]. The Fraunhofer lines during twilight period 
have been found to be shallower than those during noon 
time. This is due to the non-polarized Raman-scattered 
photons reaching the surface. During noontime, the 
  
contribution of Rayleigh scattered photons which are 
polarized, is higher than that at twilight period. The non-
polarized scattered component during twilight is large 
compared to noon time. To remove the Fraunhofer effect, 
the ratio of twilight and background spectra is taken. But 
the contribution due to Ring component is still present in 
the ratio spectrum. The presence of the Ring component 
causes change in the wavelength positioning by which 
selection of particular wavelength with greater accuracy 
becomes difficult. To minimize this effect the cross 
correlation matching of two spectra has been done by a 
computer. Also to overcome this effect, the ratio spectrum 
has been further smoothened. Due to these precautions, the 
contribution of Ring effect becomes the minimum but it is 
not removed completely. To incorporate the Ring component 
in the observed spectrum, theoretical Ring spectrum has 
been made by Solomon et al. 1987. The error in the column 
abundance due to the effect of Ring component is found to 
be about 5% at 900 solar zenith angle. 
4.5.4 Resultant uncertainty 
 Errors which are possible in our measurements and 
the steps taken to minimize them have been mentioned 
above. The experimental setup is such that the 
monochromator looks in the horizontal direction. A 
  
reflecting mirror has been kept in front of the 
monochromator for receiving the light from the zenith. The 
accuracy of the mirror position leads to the variation in 
height range covered during twilight period. A variation in 
the angle of reflecting mirror by ~300 will lead to a variation 
in the scattering height ~5 km [Rozenberg, 1966]. Backlash 
error between forward and reverse scans also causes 
wavelength shift of the spectrum. We have taken the average 
of both forward and backward spectra. Use of different 
control spectrum changes the value of column abundance 
because of the presence of different NO2, O3, H2O and O4 
absorption in the different background spectra. To minimize 
the error caused by the background spectrum, ratio of 
twilight-time to noontime spectra has been taken after 
getting their maximum correlation and then positioning 
around Fe II line. We have also taken steps to minimize the 
contribution of Ring component. It has been assumed that 
the aerosol and Rayleigh scattering coefficients vary with 
wavelength as λ -1 and λ -4 respectively. This assumption is 
valid for the molecules and particles which have specific 
dimension. But some aerosols particles are also present in 
the atmosphere which may not satisfy this dimension. 
Polarization effects can produce high O3 error when only a 
small wavelength interval is used. We have used a 
sufficiently big wavelength interval of 12 nm. Besides, there 
  
could be some effects of refraction. But it is more 
pronounced in the higher wavelengths. In the wavelength 
region of our interest, it does not have any significant 
contribution to the twilight spectrum. According to Noxon et 
al.[1979], absorption can be measured to an accuracy of 
about 0.3% by this technique. Since the twilight spectra 
usually exhibit absorption of a few percent, this accuracy is 
generally sufficient. Considering all the precaution taken 
above we place the overall error in our measurements to be 
less than 25%. This value has been arrived at, by doing 
estimation using the method given in Topping [1961]. If we 
take error in absorption cross- section of NO2 and H2O as 
5% (Schneider et al. 1987), the scattered intensity as 
0.005%, and ignore the contribution due to other species, 
the overall error comes to 7.5%. For O3 and O4, if we 
estimate the error in the same way as given in Topping 
[1961], over-all error in our measurement comes to less 
than 25%. 
4.6 Results 
Observations were taken during the evening twilight 
for solar zenith angle of about 900. Observations were also 
taken during noontime. Both the forward and backward 
scanning were done. Twelve scannings were done in 3 
minutes. Then the average of these 12 spectra was taken. 
  
This process nullifies the scintillating effect due to the 
earth's atmosphere. The observed raw spectra, both twilight 
time and noontime, are first smoothed by 25 point running 
average and then normalized. Then their ratio is taken. 
Using the ratio spectrum as shown in Figure 4.4 and the 
proper values of absorption cross section as mentioned in 
section 4.4.3, the slant column densities of NO2, O3,  H2O, O4 
and aerosol have been calculated in the manner described 
earlier. The values of O3, NO2 and H2O have been described 
in an earlier thesis [Patel, 2002]. 
Figure 4.9 shows the slant column density values of O4 
from January 1996 to May 2000. Here, the averaged value 
and the maximum and minimum values are shown for each 
month. There are about 20 observations in a month. The 
graph shows that the slant column density of O4 is 
approximately of the order of 1014 cm-2. A large scatter is 
noticed in the values of O4 slant column density. This could 
be due to the fact that, during one day, several observations 
were taken from 850 to 900 solar zenith angle.  
We have examined the variation of O4 density with season. 
In Figure 4.10 the average values of O4 for all the months 
have been plotted. A minimum value in winter and a 
maximum value in summer are seen. This shows that solar 
control exists on O4. We have also examined the variation of 
O4 with solar activity. In Figure 4.11 we have plotted 
  
10.7cm solar flux along with O4 values. A minimum during 
low solar activity and a maximum during high solar activity 
period are seen. We have calculated the correlation 
coefficient; it comes out to be 0.65. It is not clearly known 
how O4 can have seasonal and solar activity variation. 
 
  
 
 
 
 
 
 
 
 
 
Figure 4.9 : Slant column density of O4 from January 
1996 to May 2000 monthly mean. 
  
 
 
 
 
 
 
Figure 4.10 : Monthly average values of slant column 
density of O4 vs. month. 
  
 
 
 
 
 
Figure 4.11 : Comparison of monthly averaged value of O4 
slant column density (a) and solar flux (b) from January 
1996 to December 1999. 
  
 
 
 
 
 
Chapter - 5 
Relation between solar UV-B radiation at 
ground and ozone column 
5.1 Introduction 
Solar radiation is appreciated because of its influence 
on l iv ing matter  and the feasibi l i ty of  i ts appl ication for 
useful purposes. It is a perpetual source of natural energy 
that,  a long with other forms of  renewable energy,  has a 
great potential for wide variety of applications because it is 
abundant and easily accessible. Recent developments in the 
area of photochemistry and photobiology have also brought 
attention to solar radiation. Solar radiation is commonly 
divided into various regions on the basis of wavelength, a 
p o r t i o n  o f  w h i c h  i s  s h o w n  i n  F i g u r e  5 . 1 .  U l t r a v i o l e t 
radiations l ie between 100 and 400 nm. It is sub-divided 
  
 
 
 
 
 
 
 
 
 
 
Figure 5.1 : Spectra of solar radiation showing main 
radiation bands, their nomenclature and approximate 
wavelength limits in nm. 
 
  
from the viewpoint of biological effects in three major 
components (as shown in Figure 5.2): UV-A, or black light 
or near UV in 400 to 320 nm wavelength range, UV-B or 
sunburn or erythematic radiation or mid UV in the 280 to 
320 nm wavelength range, UV-C or far UV or germicidal 
radiation in 280 to 200 nm wavelength range and vacuum 
UV or extreme UV in the 200 to 100 nm wavelength range. 
In one hand, there is adverse biological effects of UV 
radiations on man, these include, among others, sunburn 
(erythemal), conjunctivitis and skin cancer. On the other 
hand, there are several beneficial effects of sunlight in the 
nature; one among them is the phenomenon of photo-
synthesis.  
The  o zone  l aye r  in  the  s t ra tosphere  has  a  s t rong 
af f ini ty  for  so lar  UV radiat ions.  Absorpt ion,  be ing more 
effective for the shorter wavelengths, tends to reach its peak 
a t  2 5 0  n m  a n d  d r o p s  r a p i d l y  w i t h  a n  i n c r e a s e  i n 
wave leng th ,  even  beyond  350  nm.  Thus ,  the  b io log i ca l 
harmful radiations below 280 nm (vacuum UV and UV-C) 
are completely shielded by the ozone layer; only a fraction 
of the UV-A and UV-B wavelength bands reach ground level.  
Despite being biologically injurious, a critical level of UV 
radiat ions at ground is maintained by the nature  which 
does not exceed 5% of the total incident radiation at sea 
level under cloudless atmospheric condition. The depths of  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 : Spectra of ultraviolet radiation showing their 
nomenclature and approximate wavelength limits in nm. 
 
  
penetration of UV radiations into the human skin are as 
follows: 0.01-0.1mm for UV-B, and 0.1-1.0 mm for UV-A. 
As mentioned above, the amount of UV-B radiations 
reaching the ground is, to a large extent, determined by the 
thickness of ozone layer. Therefore, any change in the 
amount of ozone will change the amount of UV-B radiation 
exposure to living beings on earth. Since ozone absorbs UB-
B radiations, the UV-B flux reaching the earth’s surface is 
expected to be inversely proportional to the ozone amount. 
It is now known that ozone in the stratosphere is getting 
depleted by human activities. Hence, there is fear that this 
depletion will jeopardize life on earth. Studies have, 
therefore, been initiated by various scientists to examine 
the relation between ozone and UV-B flux reaching the 
ground. A few studies made so far at different places do not 
always find this inverse relationship between ozone and UV-
B flux reaching the ground.  It, perhaps, depends on local 
meteorological conditions. We have, therefore, made some 
study on this relationship at Ahmedabad (23oN, 72oE). In 
the present chapter, we are describing the results of this 
study.  A narrow band radiometer with 180o field of view 
was used to measure UV-B flux. The central wavelength is 
at 305 nm. A Dobson instrument was used for measurement 
of total ozone. Both the UV-B and total ozone were 
measured simultaneously. Details of the experimental set-
  
up have been given in the Chapter 2. UV-B flux also has 
been measured at several places in India from June 1986 to 
May 1992 during IMAP period. We have compared our 
results with the results of some of these stations. 
5.2 Earlier Work 
Since it is fairly well known that ~1% decrease in total 
ozone will cause ~ 2% increase of UV-B flux on the ground. 
Excepting some few works (e.g. Zerefos et al. 2002 and some 
references there in, Ghosh et al. 2002) there are not many 
works on the relation between UV-B flux and total ozone. 
Most of the work concerning UV-B flux and ozone has, 
therefore, been done to find out the variation of UV-B with 
solar activity or variation of ozone with solar activity or 
long-term variation of ozone or long-term variation of UV-B 
flux. From these measurements, one can make an indirect 
assessment of relation between UV-B flux and ozone. WMO 
(1994) and Zerefos et al., (1997) mention that total ozone 
varies in phase with solar activity. But Chakrabarty and 
Chakrabarty (1982) showed that there was no correlation 
between total ozone and solar activity. Though UV-B has 
been measured on a long-term basis by some groups (Scotto 
et al., 1988; Blumthaler and Ambach, 1988, 1990; Corroll et 
al., 1992), the measurements are not consistent with each 
other (Kane 1991,1998). Research on UV-B was intensified 
  
in the 1990s (Madronich, 1993), but contradicting evidences 
have been seen in many UV-B measurements. These are 
attributed to overshadowing of the real UV-B changes by 
increases in the absorbing tropospheric aerosols, ozone, and 
changes in the meteorological conditions (Bruhl and 
Crutzen, 1989; Justus and Murphey, 1994). Besides these, 
clouds, haze (Bais et al., 1993; Estupinan et al, 1996; 
Seckmeyer et al., 1996), some tropospheric minor 
constituents such as SO2 (Zerefos et al., 1995) and surface 
albedo (WMO, 1994) also control the magnitude of UV-B flux 
on ground. The global ozone depletion from ~1980 onwards 
is expected to cause increases in UV-B levels. Blumthaler 
and Ambach (1990) reported an increase of ~1% per year in 
the 1980s for the erythemal dose at Jungfraujoch in 
Switzerland. In the 1990, UV-B variations at individual 
locations were reported for New Zealand by McKenzie et al. 
(1992, 1999), for Germany, Europe and New Zealand by 
Seckmeyer and McKenzie (1992) and Seckmeyer et al. 
(1995), for Toronto by Kerr and McElroy (1993), for 35°N in 
Japan by Sasaki et al. (1993), for Ushuaia, Argentia by Diaz 
et al (1994, 2001) and Frederick et al. (1994), for Mauna 
Loa, Hawaii by Bodhaine et al. (1997), for Punta Arenas, 
Chile by Kirchoff et al (1997), for Europe by Bais et al 
(1997), for Thessaloniki, Greece by Zerefos et al (1995, 
1997, 1998). Booth and Madronich (1994) estimated UV 
  
enhancements associated with Atlantic ozone depletion. 
Since 1991, Brewer spectrophotometers have also been 
measuring UV-B flux at several locations. From the above 
one can see that no systematic work has been done to find 
out the relation between ozone and UV flux at ground. The 
main theme of this work is, if there is a change in ozone 
then there should be a change in ground reaching UV-B 
radiation flux.  
5.3 Solar Radiation 
From the sun, all the radiations from gamma rays up 
to radiation of wavelength ~ 40 cm are emitted. But on 
earth, we receive radiations of wavelength larger than ~300 
nm. Radiations of wavelength less than 300 nm are 
prevented from reaching the earth’s surface (see Figure 5.3). 
The intensity of solar radiation starts decreasing as it starts 
penetrating more and more in to the atmosphere. This is 
because solar radiation is used up in photo-ionization, 
photo-dissociation, photo-detachment, absorption, 
scattering, reflection, etc. various processes in the 
atmosphere. 
5.3.1 Solar structure 
T he  p r o d uc t i o n  o f  r a d i a t i o n  b y  t h e  su n  de pe nd s 
strongly on the physical and chemical structure of the solar 
atmosphere. Therefore, in order to understand the nature of 
the radiation incident on the earth, some of the important  
  
 
 
 
 
 
 
 
 
Figure 5.3 : Sun’s radiation of wavelength from 
0  to 40 cm. 
  
aspects of the sun’s atmosphere are described here. 
The sun is a comparatively small and dull star. It is 
situated at a distance of 1.49x108 km from earth. Its 
diameter is ~1.4x106 km. The average density is 1.4 times 
that of water. The sun is extremely gaseous. It is primarily 
composed of hydrogen and helium, along with smaller 
amounts of heavier elements such as calcium, iron, 
magnesium, aluminum, nickel, etc. The temperature in its 
interior is ~2x107 K, due to a chain of reactions which 
convert H in to He. This energy is radiated to the upper 
layers, undergoing a series of absorption and emission 
processes. Different radiations are emitted from different 
layers of the sun. The solar atmosphere may be divided in to 
three layers: 
1. Photosphere 
2. Chromosphere and  
3. Corona  
Besides these three, there are two more layers : 
1. Inner-most layer and  
2. Reversing layer between photosphere and 
chromosphere. 
Photosphere: The bright surface of the sun visible to the 
naked eye is called photosphere. At the surface of the 
photosphere, the temperature is ~6000 K. The photosphere 
  
is located at a distance of 700,000 km from the centre of 
the sun. It is ~100 km thick. 
Reversing layer: Above photosphere there is a layer 
consisting of various gases comparatively cooler than the 
photosphere. This layer is ~ 100-200 km thick, absorbs 
some of the radiant energy emanating from photosphere. 
This layer is called Reversing layer. This layer causes the 
dark Fraunhofer lines to appear on the solar spectrum 
observed on the earth. 
Chromosphere: It is situated above the reversing layer. The 
reversing layer actually gradually merges in to the 
chromosphere. It extends up to several thousands of km and 
contains gases which are abundant in the reversing layer 
like H, He, Ca etc. Chromosphere can be seen at the time of 
a solar eclipse in the form of a red thin annulus ring 
surrounding the solar disk. This red colour is derived from 
the red H-α line. The temperature of the lower cromosphere 
is ~6000 K, rises up to several hundred thousand degree K 
at the level where chromosphere merges with the corona. 
Corona: A very faint cloud of gas above chromosphere 
surrounds the sun. This is called solar corona. It extends to 
several million km beyond the solar surface. When the sun’s 
disk is hidden by the moon as during total solar eclipse, 
corona is seen in the form of diffuse illumination of various 
fantastic shapes (not the red ring). It is comparable in 
  
brightness with the full moon. The temperature is ~million 
degree K. The corona consists of highly ionized atoms. 
The radiations from different parts of the sun are as 
follows: 
1. Photosphere: > 180 nm 
2. Photosphere-chromosphere transition zone : 
120-200 nm 
3. Chromosphere: 90-180 nm 
4. Chromosphere-corona transition zone: 10-100 nm 
5. Quiet corona: 1-20 nm 
6. Active corona: 0.5-10 nm 
In short, far ultraviolet, visible, infrared and radio 
waves are emitted from the photosphere. UV radiations of 
intensity greater than that of photosphere are emitted from 
the chromosphere. X-rays and extreme ultraviolet rays are 
emitted from the corona. 
5.3.2 Penetration height 
A parameter often referred to is called “penetration 
height”, zm. The intensity of radiation at zm is 1/e times the 
value of the incident radiation (I∞) and most of the energy is 
absorbed at this height. Below this height, the intensity 
decreases exponentially, at a very rapid rate. 
F i gure  5 .4  shows  the  var ia t ion  in  the  pene tra t i on 
height with wavelength. It can be seen from this figure that  
  
 
 
 
 
 
 
Figure 5.4 : Variation in the penetration height with 
wavelength and main absorbing gases. 
  
the radiation between ~200 and ~310 nm can penetrate to 
the stratosphere, and most of the energy is absorbed there. 
The radiation between ~130 and 200 nm is absorbed mainly 
in the  mesosphere ,  and below ~100 nm the radiat ion is 
absorbed mainly in the thermosphere. Figure 5.4 also shows 
the  main  absorb ing  molecules  over  var ious  wave length 
ranges.  O3  is  the main absorber  at  ~240-320 nm, O2 at 
~100-200 nm, and both O3 and O2 absorb radiation at ~200-
240 nm. Absorption below ~100 nm can occur by various 
mo l e cu l e s  and  a t oms  (N 2 ,  O 2 ,  N ,  and  O ) .  Thus  i n  the 
stratosphere, O2 and O3 are the principal absorbing species, 
O 2  a b s o r b s  r a d i a t i o n s  o f  w a v e l e n g th  < 2 4 0 n m  a n d  O 3 
absorbs radiations between 200 and 300 nm. These have 
be e n  s ho w n  in  T a b l e  5 . 1 .  C l o s e  t o  3 0 0  n m  O 3  s t a r t s 
absorbing (Huggins band and thereby dissociating it in to 
O2 + O) and continues doing so for the interval between 200 
and 300 nm (Hartley band). The result of this absorption is 
a virtual cutoff in the wavelength of radiation arriving to the 
ground at about 300 nm. The penetration height between 
200 and 300 nm is about 40 km. Below 200 nm, O2 absorbs 
e f f ec t i ve l y  (Herzberg  and  Schmann-Runge  reg ions )  and 
d i s s o c i a t i o n  o c c u r s .  O  a t o m  t h u s  p r o d u c e d  b e c o m e 
abundant above 80 km. Below 150 nm, photons become 
successively energetic as λ decreases and ionize NO, O2, O, 
N ,  N 2  b y  r a d i a t i o n s  o f  w a v e l e n g t h s  <  1 3 4 . 1 ,  1 0 2 . 6 ,  
  
 
 
Wavelength Atmospheric absorber 
121.6 nm Solar Lyman-alpha line absorbed by O2 in 
the mesosphere. Ionize NO in the 
mesosphere. 
100 to 175 nm O2 Schumann Runge continuum. 
Absorption by O2 in the thermosphere. 
175 to 200 nm O2 Schumann Runge bands. Absorption by 
O2 in the mesosphere and upper 
stratosphere. Effect of O3 important in the 
stratosphere. 
200 to 242 nm O2 Herzberg continuum. Absorption by O2 
in the stratosphere and weak absorption 
in the mesosphere.  Absorption by O3 
Hartley band is also important 
242 to 310 nm O3 Hartley band. Absorption by O3 in the 
stratosphere. 
310 to 400 nm O3 Huggins band. Absorption by O3 in the 
stratosphere and troposphere. 
400 to 850 nm O3 Chappuis band. Absorption by O3 in the 
troposphere. 
  
91.0, 85.2 and 79.6 nm respectively. The penetration depth 
in the region 100-150 nm is seen to vary rapidly with 
wavelength, indicating existence of certain “windows” or 
intervals of wavelength for which radiation is less absorbed 
and therefore is able to penetrate down to much lower 
height.  N2 is dissociated by the radiation of wavelength less 
than 127 nm. 
5.4 Results 
We took observation from March 2000 to December 
2000. Observations were taken at noon time at 12’O clock 
for five days in a week. Figure 5.5 shows a plot of the UV-B 
flux vs. month over Ahmedabad. In this figure we have 
shown the averaged value of the UB-B flux in a month. Data 
are not available for the months June-August due to cloudy 
weather and monsoon. It appears from this figure that UV-B 
flux becomes maximum in the summer and minimum in 
winter. 
In Figure 5.6 we have compared our result of 
Ahmedabad (23oN, 72oE) with those of Pune (18.5oN, 73.9oE) 
and Visakhapatnam (17.7oN, 83oE). This figure shows that 
the UV-B flux becomes the maximum in September at 
Visakhapatnam. At Pune it is the maximum in April. For 
Ahmedabad the maximum is in the month of May. This 
shows that the time of occurrence of maximum and 
minimum of UV-B flux is different at different places. 
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Figure : 5.5 : Plot of the UV – B flux vs. month over Ahmedabad 
 
  
 
 
 
 
 
 
 
 
Figure : 5.6 : Comparision of our result of Ahmedabad with Pune and 
Visakhapatnam. 
  
In Figure 5.7 we have shown a plot of total ozone vs. month 
over Ahmedabad. In this figure we have shown the averaged 
value of the total ozone amount. Ozone appears to be 
maximum during the month of May and minimum during 
winter. Figure 5.8 shows the variation of UV-B flux and 
total ozone over Ahmedabad. In this figure we have taken 
ozone scale on the left side and flux scale on the right side. 
The top line is for ozone and the bottom line is for UV-B 
flux. These are daily values. It is to be noticed in this figure 
that the ozone values during the days 250 to 350 are lower 
than those during the days 50-150. UV-B flux also shows 
the same feature. It appears that both UV-B flux and total 
ozone have the same trend. 
In Figure 5.9 we have plotted the monthly values of 
UV-B flux vs. total ozone. From this figure it appears that 
there is a linear relation between ozone and UV-B flux. The 
trend is an increasing order. The straight line y = 0.0094x – 
2.0769 is the best fit line drawn by the computer. The 
positive value of the slope shows that there is direct 
correlation between UV-B flux and total ozone. 
 We expected anti-correlation between ozone and UV-B 
flux but we got linear relation between ozone and UV-B flux 
over Ahmedabad. This type of result has also been reported 
in ISRO publication (IMAP-ISRO report), indicating there by  
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Figure 5.7 : Plot of the total ozone vs. month over 
Ahmedabad. 
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Figure 5.8 : UV-B flux and total ozone over Ahmedabad, 
ozone scale on the left side and flux scale on the right side. 
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Figure 5.9 : Plot of the monthly value of UV-B flux vs. total 
ozone.
  
that for short duration and for some stations, anti-
correlation between total ozone and UV-B flux at ground 
does not exist. 
These could be attributed to overshadowing of the real 
UV-B changes by increases in the absorbing tropospheric 
aerosols, ozone, and changes in the meteorological 
conditions (Bruhl and Crutzen, 1989; Justus and Murphey, 
1994). Besides these, clouds and haze level (Bais et al., 
1993; Estupinan et al, 1996; Seckmeyer et al., 1996), other 
tropospheric minor constituents such as SO2 (Zerefos et al.. 
1995) and surface albedo (WMO, 1994) have also been 
predicted to control the magnitude of UV-B flux on ground. 
When the value of ozone is low, less absorption of UV-
B in the stratosphere takes place. As a result high value of 
UV-B is expected to reach ground. But due to 
absorption/scattering by some other parameters, UV-B on 
ground could be low. But when ozone value is high, more 
absorption of UV-B should take place. As a result, UV-B 
value reaching ground should be low. But in this situation a 
high value of UV-B has been recorded on ground at 
Ahmedabad and many other stations. This is puzzling and 
more study should be undertaken to find out the factors 
responsible for this kind of feature. 
  
 
 
 
 
 
Chapter - 6      
Concluding Remarks  
The results described in this thesis can be divided into 
three parts: (1) height distribution of aerosol number 
density, (2) column density of oxygen dimer and (3) 
relationship between total ozone column and solar UV-B 
flux at ground. Four experiments were conducted and all 
were ground-based. Measurements were made at 
Ahmedabad (23o N, 72 o E), a low latitude station. The 
experimental work was done at the terrace of Physical 
Research Laboratory, Ahmedabad. 
6.1 Achievements 
In part (1), twilight intensity in zenith direction was 
measured at four wavelengths: 675 nm, 585 nm, 615 nm, 
568.5 nm. Measurements were made for two years: 1999 
and 2000 in all the seasons except in cloudy weather 
  
condition and in monsoon. From these measurements, 
height distribution of a parameter, A was derived. The value 
of A was found to be almost constant ~ 10-8 cm-1  
throughout the height range 5-25 km. This parameter 
describes the product of cross-section, σA, and number 
density of aerosols. Since the value of absorption cross-
section is constant, the values of A give the height 
distribution of aerosol number density in relative unit. To 
obtain the number density of aerosols in absolute unit, 
these values of A have to be divided by the appropriate 
value of σA. Alternately, if we take the number density = 0.1 
cm-3 (a reasonable background value), the value of σA 
becomes equal to 10-9cm2. Hence aerosols which are 
sensitive to 568.5 to 675.0 nm wavelength range, have 
absorption/scattering cross section ~10-9cm2. Taking all the 
measurements of 1999 and 2000, a model has been 
prepared for winter season of low latitude. This model 
shows that the background aerosol number density is 
almost constant up to about 25 km.  
It has been mentioned earlier that the sources and 
sinks of aerosols are different at different locations. And 
most of the work on aerosol has been done on optical depth 
only. After the IMAP study was over, it was   recommended 
in the ISRO-IMAP-SR-43-1994 report that climatologist in 
India wanted an aerosol inventory for the Indian region and 
  
for which more data on aerosols are needed. The results 
obtained here will fill up some gaps to prepare an aerosol 
inventory for the Indian region.   
 In part (2), we measured scattered intensity of the 
solar radiation in the range 436-448 nm for two positions of 
the sun: twilight time (zenith angle ~900) and noon time by 
a ground - based spectroscopy technique. From these 
measurements, the column density of oxygen dimer, O4, was 
derived. Observations were taken for clear sky condition 
from 1996 to 1999. The average slant column density comes 
~1014 cm-2. 
As mentioned earlier, the value of O4 is needed to 
determine accurately the value of NO2 density which is 
needed to solve problems in ozone chemistry. No 
measurements of O4 density are available for low latitude. 
Our results are, probably, the first of its kind in low 
latitude. 
In part (3), we have simultaneously measured UV-B 
radiation at ground and ozone column. A narrow band radio 
meter was used to measure solar UV-B radiation and a 
Dobson spectrophotometer was used to measure ozone 
column. Observations were taken from March 2000 to 
December 2000 during noon time. Our study shows that 
there is no anti-correlation between these two parameters at 
  
Ahmedabad. Such results have been found at some places in 
India and abroad. 
Since ozone absorbs solar UV-B radiation, and since 
ozone in the stratosphere is decreasing over the years, it is 
feared that the lethal dose of UV-B towards biological 
species on earth would increase. It is expected that there 
will be anti-correlation between total ozone and the solar 
UV-B radiation measured at ground. But our observation, 
though of a short period, does not show this anti-
correlation. This indicates that in addition to ozone, some 
other parameters affect the passage of UV-B radiation to the 
ground. 
6.2 Scope and suggestions for future work 
(1) We have given the height distribution of aerosol 
number density in relative unit. Attempt should be made to 
find out this value in absolute unit. Also we have obtained 
the value of absorption/scattering cross-section sensitive to 
the wavelength range 675 to 568.5 nm as ~10-9 cm2. An 
attempt should be made in the laboratory to confirm this 
value. We have taken number density of background aerosol 
as 0.1 cm-3 corresponding to a mid-latitude station. Balloon 
experiment should be conducted from Hyderabad to verify 
this assumption. Also measurements of another 
characteristics of aerosol, viz. its size, should be studied. 
  
(2) We have measured slant column density of O4. To 
convert slant column density to vertical column density, one 
needs the value of air mass factor. For that purpose, the 
height distribution of this species should be known. Hence, 
attempt should be made in-situ by balloon to measure the 
height distribution of this species. The height distribution 
of this species could also be derived by measuring zenith 
sky intensity between 85o and 95 o solar zenith angle. 
We have experimentally studied the properties of 
column density of O4. But attempt should be made to 
reproduce this result theoretically. At present, the photo-
chemistry which describes the processes of production and 
loss of this species is completely unknown. Model should be 
developed and diurnal, seasonal and solar activity variation 
of this species should be theoretically studied. 
(3) We have studied relation between total ozone and 
UV-B radiation at ground. We do not find anti-correlation 
between the two. When the value of ozone is low, less 
absorption of UV-B in the stratosphere takes place. As a 
result high value of UV-B is expected on ground. But due to 
some other factors, UV-B on ground could be low. But when 
ozone value is high, more absorption should take place. As 
a result, UB-B value should be low. But in this situation a 
high value of UV-B recorded on ground is puzzling. This 
indicates that some other factors like cloud-cover, 
  
tropospheric ozone etc. could be playing role in the 
transmission of UV-B to the ground. Work should be 
undertaken to find out these factors. Also, our 
measurements are for short duration. Measurements should 
be taken for a longer period of time. 
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